In cold regions, air intake louvers are installed on buildings so as to deflect foreign matter like ice and snow particles and prevent them from entering the buildings, while allowing air to pass. In this research work a CFD based parametric numerical study has been carried out to simulate the rate and shape of atmospheric ice accretion on air intake louvers and to analyse the effects of various geometric parameters of louvers such as: placement angle, shape and size on the resultant ice accretion. It was concluded that ice mainly accretes at the front and top sides of the louver surface. It was also found that the rate of ice accretion increase in louver angle and the spacing between the louver slats.
INTRODUCTION
Louvers are a system of horizontal or vertical slats that are angled in such a manner so as to admit light and air, but to simultaneously keep out rain, direct sunshine and noise. A louvered opening has a series of slats integrated into a frame ( Figure-1 ). Louvers are generally installed at air inlets of vehicle exteriors, screening fences of buildings, heat exchangers etc. [1] . In addition to controlling airflow, louvers are a source of solar heat gain; providing daylight as well as visual and auditory connection for the occupants with the external environment [2] . Buildings ventilation through air louvers is generally induced by the pressure difference driven by air motion between indoor and outdoor air. Size, location and orientatin of the louvers' openings have an impact on their performance [3] . Research on the use of louvers for natural ventealtion is limited [4] . Yakub [5] studied pressure drop across various louver inclinations. The effects of various parameters of louver such as: slat depth, opening and room depth were studied by Sharples and Maghrabi [6] . Tablada [7] found that variable inclinations of the louver slats are benificial for indoor flow distribution. Hughes and Ghani analysed the effect of changing angles of windvent louvers on the internal pressure loss and velocity of the stack ventilation system [8] .
In cold regions, louvers are installed on buildings to deflect foreign matters like ice and snow particles, while allowing air to pass through. These ice and snow particles also accrete on the louver surface and cause a hinderence for the air flow and lead to a possible *Corresponding author. E-mail: msv@hin.no air pressure drop. Atmospheric ice accretion on louvers occurs when freezing rain drops, snow particles or super cooled water droplets come into contact with their exposed surface [9] . Super cooled water droplets impact with the structure of the louvers and accrete on them, which consequently acts as an obstruction for the passage of air. This causes an increase in pressure gradient between the two sides of the louvers and affects room venetlation. Not much work has been reported on the rate and shape of ice accretion on air intake louvers installed on buildings in cold regions. The present work attempts to numerically simulate the effects of ice accretion on louvers' openings and to study the effect of various geometric parameters of louvers such as: slat placement angle, shape and size on the resultant rate and shape of ice accretion on louvers.
NUMERICAL SETUP
The numerical study of atmospheric ice accretion on structures includes the computation of mass flux of icing particles as well as the determination of icing conditions [10] . These can be numerically simulated by means of integrated thermo-fluid dynamic models, which involve fluid flow simulation, droplet behavior, surface thermodynamics and phase changes. The numerical study was carried out using finite element analysis based on nonlinear partial differential equations for the conservation of mass, momentum and energy, equations (1), (2) and (3) respectively:
Where σ ij is the stress tensor, k is the thermal conductivity, E is the internal energy and H is the enthalpy. A fine hybrid type numerical grid with 332,584 elements was used, where to accurately determine the boundary layer characteristics (shear stresses and heat fluxes) of iced surface, a y+ value less than 1 was used near the louver's surface. Shear stress and heat fluxes are quite important for the calculation of the rate of
0 Figure 1 Examples of air intake louvers structure in buildings; source [2] .
atmospheric ice accretion at the surface. Figure-2 shows the hybrid numerical grid used for this numerical study. The sand grain roughness height for the iced surface was calculated with an empirical NASA correlation described by Shin et al. [11, 12] . The corresponding value of the sand grain roughness is obtained from the correlation in equation (4): Where MVD is the droplet mean diameter, the constant parameter = 0.001177.
Two phase flow (air & water droplets) was solved using the Eulerian-Eulerian approach, where super cooled water droplets were assumed to be spherical. The main advantage of using the Eulerian-Eulerian approach is that: the same mesh can be used for multiphase flow calculations and ice geometry. The Eulerian two phase fluid model consists of the NavierStokes equation, augmented by water droplets continuity and the momentum equation. The water droplet drag coefficient is based on the empirical correlation for the flow around the spherical droplets described by Clift et al. [13] .
Where α is the water volume fraction, V d is the droplet velocity, C D is the droplet drag coefficient and Fr is the Froude number. Surface thermodynamics and rate of icing are calculated using mass and energy conservation equations, considering the heat fluxes due to convective cooling, evaporative cooling, heat of fusion, viscous heating, kinetic heating and solar radiation [14] : 
Where r is the adiabatic recovery factor, h c is the convective heat transfer coefficient, c i is the specific heat of ice, L f is the latent heat of fusion, L s is the latent heat of sublimation, L e is the Lewis number and ε is the surface emissivity. Arbitrary Langrangian Eulerian (ALE) formulation was used for the calculation of mesh displacement due to ice accretion in time. This approach adds the grid speed terms to the Navier-Stokes equations to account for mesh velocity [12] . The numerical simulations were carried out at the operating and geometric conditions specified in Table- 1.
RESULTS & DISCUSSION

ICE ACCRETION ON AIR INTAKE LOUVER
Initial numerical analyses were carried out to understand the airflow and water droplet behaviour around the louvers and to simulate the resultant ice accretion. CFD based finite element numerical anlayses of airflow through louver slats show the classical venturi effect in the vena contracta of each louver slat. As air moves from larger corss section to smaller corss section of the louver slat, the corrosponding higher air volume moves at a greater speed through the cross section. Thus, as the air speed between louver slats increases, the dynamics pressure in the region increases with a drop in the static pressure. A flow seperation occurs at the sharp corner edges of the louver slats causing local changes in air velocity. Air and supercooled water droplets are coupled with each other, therefore airflow behaviour affects the movement of the droplets along the surface. A droplet moving in the air stream is generally influenced by its drag and inertia, when neglecting the gravity and buoyancy. If drag dominates the inertia the droplet follows the stream line, whereas for the case where inertia dominates the particle hits the object. The ratio of inertia to drag depends upon droplet size, air velocity and dimensions of the object in question [15, 16] . Analyses showed high droplet collison with the upper and front surfaces of the louvers, which leads to an increase in ice accretion along the upper and front surfaces of the louver slat. Such high droplet collision at the front and top surfaces of the louvers is mainly due to higher exposure of these sections to the stream of air and water droplets. Figure-3 shows air and droplet behaviours along the slat surface and the resultant shape of the accreted ice.
GEOMETRIC PARAMTERIC ANALYSES
Initial numerical results showed that ice accrets at the front and top ends of the louver slats. The rate and shape of ice accretion on structures can be minimised by optimizing the geomatric parameters. This section describes a geometric parameter study to analyse the effects of the louver slat's angle, shape and displacement on the resultant rate and shape of ice accretion. For this purpose; an air intake louver frame with seven slats was numerically modelled, where air and droplet behaviour around each louver slat was analysed to simulate the rate and shape of ice accretion.
Effect of louver slat placement angle
To study the effect of louver slat placement angle on flow behaviour and the resultant ice accretion, three different louver slats angles (25, 35 & 45 degree) were numerically analysed, where the distance between each slat in the louvered structure was 57 mm. Results showed a change in the air and droplet behaviour with the change in louvers placement angle. At a low slat angle of 25 degrees, a more stramlined flow was observed as compared to high angled slats of 45 degrees. This leads to more attached flow and less flow seperation along the slat surface at low placement angles, which causes a low pressure drop between the inlet and outlet of the louver slats. Figure-4 shows the velocity steamlines along the louver slats at three different slat angles: Study of the super cooled droplet behaviour with the change of slat angles shows a high droplet collison efficiency at low slat angles near the front end of the slat surface, whereas with the incraese of the slat angle, a larger area of the upper surface of the slat is exposed to the droplets which leads to higher droplet collison efficiency. This results in an increased ice accretion at the front end of the slat surface at low angles. On the other hand, more ice accretion is observed at the top surface of the slat in the case of high slat angles. Figures 5-7 show the droplet collision efficincy along the slat surface at different angles and the resultant ice thickness and growth along the slat surface. Figure 5 Effect of slat angle variation on the droplet collision efficiency.
Effect of louver slat spacing variation
To study the effect of louver slat spacing on the resultant ice accretion, three different slat spacings (40, 57 & 75 mm) were numerically analysed at a louver slat angle of 35 degrees. Analyses showed a high droplet collison efficiency at the front end of the louver slats in the case of 75 mm spacing, whereas in the case of 40 mm slat spacing , a high value of droplet collision is observed at the top surface of the louver slats. As an over all, the results showed Figure 6 Effect of slat angle variation on accreted ice thickness.
a high droplet collision efficiency in the case of small slat spacing (40 mm) , as compared to the 75 mm slat spacing. This leads to more ice accretion in the case of small spacing between the louver slats. Figure-8 shows the droplet collision efficiency and the resultant ice accretion on louver slats considering three different slat spacings. 3.2.3. Effect of louver slat corners shape variation Louver slats corners can be of different shapes. This section describes the analyses for two different shapes of slats corners (rectangular & circular), to reduce the flow seperation at sharp corners of the slat surfaces. Results showed streamlined behaviour for the circular shape as comapred to the rectangular shape corners, which results in smooth ice accretions at the corners of the slats. Smooth droplet distribution leads to smooth accreted ice shapes at the corners in the case of circular shapes, whereas an abrupt ice shape was observed in the case of rectanular corners. Figure-9 shows the droplet collision efficiency and the resultant ice growth on louver slats in the case of rectangular and circular corners.
FINDINGS
This present numerical study has provided a basic understanding of the airflow and water droplet behaviour around buildings air intake louver slats and the resultant ice accretion at various geometric conditions. Following are the main findings of this study.
• Ice accretion occurrs mainly at the front and top surfaces of the air intake louver slats. • More ice accretion is found at the front end of the louver slats at small placement angles, whereas more ice accretes at the top surface of the louvers slats at higher placement angles. As an over all assessment, an increase in the ice accretion is observed with the increase in slats angle. • More ice accretion occurrs at the front end of the louver slats with the increase in spacing between louver slats, whereas more ice accretes at the top surface of the louver slat with the decrease in slat spacing. As an over all observation, an increase in the ice accretion is observed with the decrease in spacing between slats. • A more streamlined flow behaviour is observed in the case of circular shape slat corners as comapred to rectangule shape, this leads to a smoother accreted ice shape in the case of circular slat corner. 
